In this study experiments were performed to correlate the rate of digestive enzyme secretion to morphologic observations of the apical cytoskeleton using dispersed rat pancreatic acini with various concentrations of caerulein. Caerulein at concentrations of 10 pM to 0.1 nM stimulated increasing rates of secretion of amylase, a digestive enzyme. Greater concentrations of caerulein caused progressively less amylase secretion. Transmission electron microscopy demonstrated several characteristics of the apical cytoskeleton in untreated acini that were altered with the "inhibitory" concentrations of caerulein.
Introduction
Caerulein, a decapeptide originally extracted from the skin of the amphibian Hyla caerulea, stimulates digestive enzyme secretion from the pancreatic acinar cell by interacting with the cholecystokinin (CCK)' receptor (1) . Stimulation of secretion is mediated by changes in cellular phospholipid and calcium metabolism (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . With concentrations of CCK and caerulein greater than -0.1 nM, secretion is progressively less than maximal (1) . The mechanisms ofthis inhibition are unknown. It has long been postulated that the apical (or cortical) network of actin microfilaments ("terminal web") may be involved in secretion by the pancreatic beta cell (17) and other secretory cells. In these studies we correlate changes in the apical cyto-skeleton with rates ofenzyme secretion caused by caerulein, to determine if alterations in the apical cytoskeleton are associated with changes in secretion. For this purpose we used dispersed pancreatic acini from the rat prepared by collagenase digestion of the pancreas. The acinus is the functional subunit in the exocrine pancreas responsible for digestive enzyme synthesis, storage, and secretion. Each acinus is composed of 10-20 acinar cells arranged around a central lumen. Digestive enzymes contained in apically located zymogen granules ofthe acinar cell are secreted into the lumen by exocytosis (18) .
Methods

Materials
Sprague-Dawley rats (100-200 g) were from the National Cancer Institute (Frederick, MD). Hepes and bovine serum albumin (Fraction V) were from Boehringer Mannheim (Indianapolis, IN). Basal media (Eagle) amino acids (concentrated 100 times) and basal media (Eagle) vitamin mixture (concentrated 100 times) were from M.A. Bioproducts (Walkersville, MD). Glutamine 
Methods
Tissue preparation. Dispersed pancreatic acini were prepared from Sprague-Dawley rats using the procedure previously published for guinea pigs (19, 20) . Amylase release. Dispersed acini from the pancreas of one animal were suspended in 75-100 ml of standard incubation solution. Aliquots of the suspended acini were incubated with the indicated concentrations of caerulein at 37°C. Release of amylase from the pancreatic acini was measured as described previously (19) (20) (21) . Amylase release was calculated as the percentage of the amylase activity in the acini at the beginning of the incubation that was released into the extracellular medium during the incubation. Electron microscopy. For each experiment, dispersed acini were incubated in standard incubation solution containing the following concentrations ofcaerulein: 0, 1.0 pM, 10 pM, 0.1 nM, 1.0 nM, and 10 nM. All incubations were at 37'C. At the indicated time the acini were separated from the media in a 1.5-ml centrifuge tube using a microfuge (Beckman Instruments, Inc., Palo Alto, CA) with 1-2 s of centrifugation. The cell pellet was resuspended in cold (4'C) modified Karnovsky's fixative (0.5% [vol/vol] glutaraldehyde and 1.5% [vol/vol] paraformaldehyde in 0.1 M Na phosphate buffer, pH 7.4) using a Pasteur pipette. After fixing for 10 min the acini were pelletted with centrifugation at 800 g for 10 min. The acini were stored at 4VC until embedding (usually the next day). Before embedding, the pellets were washed three times (5 min each) in 0.1 M Na phosphate buffer (pH 7.4). The cell pellets were then post-fixed in 2% OsO4 for 1.5 h, washed again with phosphate buffer, dehydrated in a graded series of increasing ethanol concentrations followed by propylene oxide, and then embedded in Poly/Bed 812 plastic. 80-nm sections were prepared using a microtome (model MT2-B; Sorvall Instruments, Newton, CT) and then stained with uranyl acetate (saturated solution in 50% ethanol and 50% H20) and bismuth subnitrate (0.4 mg/ml). Observations were made on an 80-kV electron microscope (model EM-1O; Carl Zeiss, Inc., Thornwood, NY) and photographs were taken on Kodak 31/4 X 4 inch 4489 film. The electron micrographs presented are representative of those observed from four separate experiments.
Rhodamine-phalloidin staining ofactinfilaments. Suspended acini were incubated at 370C with the following concentrations ofcaerulein: 0.1 nM, 10 nM, an4 control. At the indicated time acini were separated from the incubation solution in a 1.5-ml tube using a microfuge (Beckman Instruments, Inc.) for 1-2 s of centrifugation. After removing the incubation solution, 100 ,l of O.C.T. embedding medium was added and the cell pellet was gently suspended in the O.C.T. compound using a Pasteur pipette with a sealed tip. The centrifuge tube was capped and immersed in liquid N2. Then, 4-6-tim-thick frozen sections were prepared using a cryomicrotome (model 845, American Optical Corp., Buffalo, NY). The sections were placed on coated glass slides and allowed to air dry for 1-3 h. They were then fixed for 2 min with cold (4°C) modified Karnovsky's fixative (0.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1 M Na phosphate buffer, pH 7.4), followed by three rinses using the standard incubation solution without albumin over 15 min. The still moist sections were incubated with rhodamine-phalloidin (20 U/ml in standard incubation solution without albumin) at room temperature in the dark for 30 min as described by Drenckhahn and Mannherz (22) . The sections were then washed with three rinses of standard incubation solution without albumin of 10 min each. Coverslips were mounted over the sections with a drop of a mixture containing glycerol (50%, vol/vol), phosphate buffer (50%, vol/vol), and triethylenediamine (0.25%, wt/vol), the latter to diminish quenching of the rhodamine. Sections were observed on a Diaphot TMD-EF microscope (Nikon Inc., Garden City, NY) with epifluorescence using a G-2A filter cube and a ND-16 filter at the light source. 35 -mm photographs were taken on Kodak T-Max 400 film. Exposure time and aperture were kept constant for each experiment. The micrographs presented are representative of observations made from seven separate experiments.
Results
As described previously (1) and illustrated in Fig. 1 , caerulein causes amylase release from pancreatic acini. The threshold concentration for amylase release was < 10 pM and maximal release occurred at 0.1 nM. With greater concentrations of caerulein there was progressive inhibition of amylase release. To determine the time course of amylase release with both the maximally effective concentration (0.1 nM) and the inhibitory concentration of caerulein (10 nM), we performed the experiment in Fig. 2 . The results indicated that the difference in the rates of amylase release was detected as early as 3 min. In experiments not shown, the rates of amylase release for these two concentrations of caerulein remained different for up to 30 min.
To explore the ultrastructural effects of caerulein we performed routine transmission electron microscopy on dispersed acini treated with the various concentrations of caerulein. The electron micrographs in Fig. 3 illustrate pertinent features of control acini (i.e., acini treated with no caerulein). In Fig. 3 a an acinus with its central lumen is shown. The nuclei are basally located and most of the cytoplasm is filled with rough endoplasmic reticulum and mitochondria. The zymogen granules are electron dense and located at the apical aspect of the cell. A higher magnification of the lumen of an acinus is shown in Fig. 3 b. Of note are the numerous apical microvilli projecting into the lumen. Also discernable are the dense cytoskeletal structures beneath the apical plasmalemma. Further details ofthe apical cytoskeleton are illustrated in Fig. 3 , c and d. In c sections of microvilli reveal the actin filaments that make up their cores. The interconnecting terminal web of microfilaments (actin) can be seen filling the area between the apical plasmalemma and the bands of intermediate filaments that parallel the lumen. In cross section this appears as a polygonal network. In the lower cell the band of intermediate filaments contains several electron-dense structures. Coursing obliquely between zymogen granules near the upper cell intermediate filament band is a microtubule (arrow). At the indicated times amylase release was measured in each aliquot as described in Methods. Values were determined as the amylase release measured in the aliquots containing 0.1 nM (-) or 10 nM (i) caerulein minus the amylase release measured in the control aliquot at each time point. Results are the means±SE of four experiments. * indicates that values for 10 nM caerulein were statistically significantly less than the values for 0.1 nM caerulein using the t test for paired measurements (P < 0.05). The zymogen granule is abutting the intermediate filament imity to the zymogen granule. There is a suggestion of strucband. In the adjacent apical microfilament web there is a tures traversing the gap between the intermediate filaments curved, electron-dense collection limited to the region in prox-and the electron-dense material in the microfilament web.
These structures may extend to the surface of the zymogen granule, as implied by irregularities in the portion of the granule periphery adjacent to the electron-dense collection.
In all experiments, observations in control acini revealed the terminal actin web and the microfilaments within the microvilli. The intermediate filament bands and the electrondense collections in intermediate filaments and in the terminal web were most obvious when the acinus was sectioned along the length of the lumen. In such sections, the electron-dense collections in the terminal web were usually present when a zymogen granule abutted the intermediate filament band. The cytoskeletal structures described in control acini were the same in acini incubated for 30 min with 1 pM, 10 pM, and 0.1 nM caerulein (not shown as micrographs). Fig. 4 shows electron micrographs of acini incubated with 10 nM caerulein for 30 min. Striking at lower magnifications are blebs extending from the basolateral surface filled with cellular contents such as endoplasmic reticulum, mitochondria, and occasionally nuclei (the last not shown). In addition, no microvilli are discernable. Also illustrated are cytoplasmic vacuoles with somewhat irregular borders and contents ofvariable election density. These structures are located near Golgi cisternae and condensing vacuoles, and also are mixed among zymogen granules in the apical portion of the acinar cells. A higher magnification in Fig. 4 b again demonstrates no microvilli and the vacuoles with irregular contents. The electron micrographs in Fig. 4 , c and d demonstrate that the microvilli are absent, there is no terminal microfilament web, and intermediate filament bands are not seen. Cytoplasmic structures such as ribosomes, rough endoplasmic reticulum, and zymogen granules fill the region normally occupied by the apical cytoskeleton. Irregular collections of electron-dense material bounded by a membrane are also seen in the upper left of Fig.  4 c and on the right of Fig. 4 d. Of note, cytoskeleton can be seen at the sites of intercellular junctions, which appear intact. The lumens are generally filled with material ofhigher electron density than those of control acini. Fig. 4 d illustrates that even in acini sectioned along the long axis of the lumen, the terminal web and intermediate filament bands are absent.
In acini treated with 1 nM caerulein, the changes in apical cytoskeleton are variable between cells. As seen in Fig. 5 a, the upper acinar cell has a normal appearing apical cytoskeleton with intermediate filaments, terminal microfilament web, microvilli, and focal electron-dense structures. In the lower acinar cell neither the terminal web nor the intermediate filament band are seen. Also, few microvilli arise from the lower cell, yet the lumen is filled with microvilli. In contrast, the acinus in Fig. 5 b is nearly devoid of microvilli and little apical cytoskeleton is evident in any of the cells.
To determine the time course of the cytoskeletal changes, we studied acini after 3 min of incubation with 0, 0.1 nM, and 10 nM caerulein (Fig. 6 ). The electron micrographs of control and 0. 1-nM specimens were similar to those described in Fig.  3 . After 3 min of incubation with 10 nM caerulein the apical cytoskeletal changes were fully developed; that is, there were few microvilli and there was an absence of intermediate filaments and terminal microfilament web. Some cytoskeleton could still be observed near the sites of intercellular junctions.
To further investigate the effects of caerulein on actin microfilaments, we studied frozen sections of pelletted acini stained with rhodamine-phalloidin, a fluorescent probe spe-cific for filamentous actin (23) . Control sections exhibited bright staining in the apical regions (adjacent to lumens) and at cell junctions (Fig. 7 a) . A beaded pattern of staining appeared along basolateral cell surfaces. After 30-min incubations with 0.1 nM caerulein, the staining pattern was essentially the same (not shown). However, 30-min incubations with 10 nM caerulein resulted in apical staining that was either absent or less bright and often more narrow than in control acini (Fig. 7 b) . Basolateral staining remained essentially unchanged.
3-min incubations with 0 and 0.1 nM caerulein resulted in rhodamine-phalloidin staining patterns like 30-min control and 0.1 nM caerulein. Incubation with 10 nM caerulein for 3 min was sufficient to cause diminished apical staining similar to that seen with 30-min incubations with the same concentration. Again, the dotted basolateral staining was not significantly altered (not shown as micrographs).
Discussion
Our results demonstrate a striking correlation between ultrastructural alterations in the apical cytoskeleton of pancreatic acinar cells and inhibition of secretion by supramaximal concentrations of caerulein. Both in terms ofconcentration and in the temporal response, loss of the terminal actin web and the associated intermediate filament band correlates closely with inhibition of amylase release. At the maximally effective concentration of caerulein (0.1 nM), the terminal web, intermediate filament band, and microvilli with microfilament cores are fully intact, as seen in control acini. All three of these cytoskeletal elements are essentially abolished at the fully inhibitory concentration of 10 nM caerulein. These changes are also evident at 3 min of caerulein treatment, when the secretory rate is significantly different than that with 0.1 nM caerulein. The rhodamine-phalloidin results substantiate the temporal and concentration relationship between the inhibition of secretion and alterations in the apical cytoskeleton. At the intermediate inhibitory concentration of 1 nM caerulein, the ultrastructural alterations occur in some cells and not in others. If the cells with cytoskeletal alterations have inhibited secretion and the ultrastructurally normal cells respond to secretagogue maximally, the intermediate rate ofamylase release would be explained. In sum, these results suggest that the inhibitory effects of supramaximally effective concentrations of caerulein result from their effects on the apical cytoskeletal structures.
The electron-dense regions in the terminal actin web and the adjacent intermediate filament band have not been previously described. The observation of interconnecting structures between the dense region of the terminal web and the intermediate filament band with a closely approximated zymogen granule is also novel. Morphologically, these dense regions somewhat resemble the dense bodies seen in smooth muscle cells (24) . Those dense bodies serve as anchor points for actin filaments and are also connected to other cytoskeletal elements.
Despite evidence in the literature that dehydration and fixation procedures cause destruction of cytoskeletal elements (25) , the visualization of the apical cytoskeleton in our electron micrographs appears more detailed than many published results. Although the modified Karnovsky's fixative is different than the routine formaldehyde often used, the post-fixa- tion with OS04, dehydration, embedding, and staining procedures we used are fairly standard. The use of bismuth rather than lead as one of the stains is a slight divergence from common procedures. It is uncertain whether our methodology al-lowed the appearance of the electron-dense regions within the terminal web and apical intermediate filament bands, but they were a consistent finding in control acini and in those incubated with 0.1 nM caerulein or less. It has previously been suggested that cytoskeletal elements may be important in the process of secretion. Orci et al. (17) observed that concentrations of cytochalasin B (a toxin that results in a net loss of microfilaments) that enhanced glucoseinduced insulin secretion by rat pancreatic beta cells produced alterations in the cortical microfilamentous web of islet cells. They postulated that the actin web might have a role in controlling the access of insulin granules to the cell membrane.
Williams (26) showed that cytochalasin B caused the disappearance of the apical microfilamentous web and the microvilli in murine pancreatic fragments and isolated pancreatic acini. These changes were accompanied by a reduction in bethanechol-stimulated amylase release without alteration of basal amylase release. Interestingly, bethanechol-stimulated amylase from single isolated acinar cells, which have lost most of their apical specialization of microvilli and terminal web in the process of separation, was not affected by cytochalasin B. Stock and co-workers (27) also noted disruption of the terminal web and decreased number of microvilli in pieces of rat pancreas treated with cytochalasin B. These changes were associated with inhibition of caerulein-stimulated amylase and lipase release, and reduced morphologic evidence of exocytosis. Our results concur with both of these studies utilizing cytochalasin B in implying that the terminal web is important in normal pancreatic secretion. Investigations using this toxin are potentially limited by the effects of cytochalasin on other cell processes, however.
Several ofthe ultrastructural changes observed in this study have been described previously. Lampel and Kern (28) infused rats with high doses of caerulein, and observed ultrastructural changes including formation of cytoplasmic vacuoles in the acinar cells, perhaps due to premature fusion of condensing vacuoles and secretory granules in the region of the Golgi complex. With prolonged stimulation, large cytoplasmic vacuoles (or "lakes") apparently evolve from enlarging vacuoles, and evidence of autophagy was observed. Vacuole fusion with the basolateral membrane was also observed, as was reduced apical exocytosis. The ultrastructural changes were associated with pancreatic inflammation and reduced carbamylcholinestimulated amylase release. Savion and Selinger (29) noted similar morphologic changes after stimulation of rat pancreatic slices with supramaximal (e.g., inhibitory) concentrations of CCK or carbamylcholine. They found that inhibitory doses produced reduction in the size of the lumen and "plugging" with electron-dense secretory material. They also made specific note of disruption of the terminal microfilament web. In contrast, Burnham and Williams (30) found little effect on microvilli or cellular structures surrounding the lumen. Watanabe et al. (31) also noted large vacuole formation in acinar cells of rats infused with supramaximal doses of caerulein and found that both lysosomal and digestive enzymes were present in the vacuoles. They suggested that this "crinophagy" was important in the initiation ofpancreatitis, since mixing oflysosomal hydrolases and zymogens may result in the activation of the digestive enzymes. Our finding of multiple membranebound cytoplasmic structures with contents of variable electron density near the Golgi area and in the apical portions of cells treated with supramaximal concentrations of caerulein is morphologically consistent with this hypothesis. Cytoplasmic protrusions (blebs) from the basolateral membrane of dispersed acini stimulated with supramaximal concentrations of caerulein have also been observed by others (30, 32) .
The intracellular biochemical mechanisms that mediate the effect ofcaerulein on the apical cytoskeleton ofthe pancreatic acinar cell are not established. Caerulein and other CCK analogues stimulate both the metabolism of cellular phospholipids and calcium. In particular, these agonists cause a phospholipase C-mediated breakdown of phosphoinositides leading to the formation of 1,2-diacylglycerol and inositol phosphates (3, 8, 11, 12, 14, 16, 33, 34) . One inositol phosphate, inositol 1,4,5-trisphosphate, mediates release of calcium from intracellular stores (34) (35) (36) , leading to an increase in free intracellular calcium (2, 9, 10, 13, 15) . The other metabolite, 1,2-diacylglycerol, activates protein kinase C and modulates the secretory response ( 12) .
Of particular interest to the observations in this article, we have found that supramaximally effective concentrations of CCK analogues (i.e., concentrations that are inhibitory for secretion) cause a several-fold greater decrease in the phosphoinositides and increase in 1,2-diacylglycerol than maximally effective concentrations (3, 9, 14) . One of the phosphoinositides, phosphatidylinositol 4,5-bisphosphate, has been demonstrated to polymerize actin by dissociating prolifin:actin complexes (37, 38) and stabilize actin filament net-works by its ability to inhibit the actin filament-severing properties of gelsolin (39-4 1). In contrast, Ca2' activates the severing properties of gelsolin (42) (43) (44) (45) . Thus, the effects of supramaximally effective concentrations of caerulein on the apical actin filament network may be mediated by the effects of the caerulein-induced changes in phosphatidylinositol 4,5- bisphosphate and Ca2" on gelsolin and prolifin:actin complexes.
